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HIGHLIGHTS 


•  Sr45„xLxAioB4oS5  glass  structure  becomes  open  and  rigid  on  substitution  of  Sr+2  by  La+3. 

•  PALS  finds  increase  in  free  volume  with  increasing  substitution  of  Sr+2  by  La+3. 

•  Substitution  of  Sr+2  by  La+3  results  in  increase  in  Tg  and  Ts  of  glass. 

•  Thermal  stability,  CTE  and  conductivity  decrease  by  substitution  of  Sr+2  by  La+3. 
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The  role  of  La+3/Sr+2  ratios,  which  is  varied  from  0.08  to  5.09,  on  density,  molar  volume,  packing  fraction, 
free  volume,  thermal  and  electrical  properties  in  strontium  lanthanum  aluminoborosilicate  based  glass 
sealants  intended  for  solid  oxide  fuel  cell  (SOFC)  applications  is  evaluated.  The  studies  reveal  expansion 
of  the  glass  network  evident  from  increasing  molar  volume  and  decreasing  packing  fraction  of  glasses 
with  progressive  La+3  substitutions.  The  molecular  origin  of  these  macroscopic  structural  features  can  be 
accounted  for  by  the  free  volume  parameters  measured  from  positron  annihilation  lifetime  spectroscopy 
(PALS).  The  La+3  induced  expanded  glass  networks  show  increased  number  of  subnanoscopic  voids  with 
larger  sizes,  as  revealed  from  the  ortho-positronium  (o-Ps)  lifetime  and  its  intensity.  A  remarkably  direct 
correspondence  between  the  molar  volume  and  fractional  free  volume  trend  is  established  with  pro¬ 
gressive  La203  substitution  in  the  glasses.  The  effect  of  these  structural  changes  on  the  glass  transition 
temperature,  softening  temperature,  coefficient  of  thermal  expansion,  thermal  stability  as  well  as  elec¬ 
trical  conductivity  has  been  studied. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Planar  solid  oxide  fuel  cell  (SOFC)  stack  requires  a  high  tem¬ 
perature  sealant  for  edge  sealing.  Thermophysical  and  thermo¬ 
chemical  compatibility  and  stability  in  SOFC  operational  conditions 
are  the  major  requirements  of  a  material  for  its  suitability  as 
sealant.  Borosilicate  glasses  and  glass  ceramics  with  different 
combinations  of  modifiers  are  widely  investigated  by  SOFC  re¬ 
searchers  as  sealants  for  planar  SOFC  stacks  [1—4].  Our  group  has 
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also  reported  several  modified  aluminoborosilicate  glasses  suitable 
for  SOFC  sealant  applications  [5—8].  The  composition  based  tail- 
orable  properties  along  with  electrical  insulating  properties  are  the 
salient  features  of  these  glasses  which  makes  them  suitable  for 
SOFC  sealant  application.  Most  of  the  reports  on  glass  sealants 
address  the  variation  of  glass  properties  with  its  composition  and 
the  correlations  including  anomalies  have  been  established  from 
glass  microstructures  probed  by  various  characterization  tech¬ 
niques  such  as  X-ray  diffraction,  scanning  electron  microscopy, 
Fourier  transformed  infrared,  Raman  and  nuclear  magnetic  reso¬ 
nance  spectroscopy  [9—15]. 

The  oxide  glasses  are  random  networks  which  are  three 
dimensionally  connected  by  bridging  oxygen  atoms  of  network 
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forming  species.  Addition  of  modifier  cations  into  the  glass  struc¬ 
ture  disrupts  the  network  connectivity  and  their  charges  are 
compensated  by  the  surrounding  non  bridging  oxygens  (NBO). 
Additive  cations  in  the  glass  composition  also  play  a  similar  role  to 
modifier  cations  in  the  glass  structure.  Extent  of  network  modifi¬ 
cation  depends  upon  the  field  strength,  F  of  the  cation,  expressed 
as: 


f-E im! 

r2 


(1-1) 


where,  Z\  and  Z2  are  the  valency  of  a  cation  and  oxygen  respectively, 
‘e’  is  the  electron  charge  and  ‘f  is  the  distance  between  cation  and 
oxygen  ion  [16].  Generally,  higher  the  field  strength,  higher  is  the 
network  modification. 

Owing  to  the  random  structure  of  glass,  a  part  of  the  total  vol¬ 
ume  remains  unoccupied  by  atoms,  called  the  free  volume.  At  the 
fundamental  level,  free  volume  is  a  key  parameter  that  governs  the 
physical  properties  with  compositional  feature  of  glasses.  The  free 
volume  and  its  distribution  in  the  glass  structure  is  a  composition 
dependent  function.  Therefore,  variation  in  free  volume  in  the  glass 
matrix  consequent  to  the  structural  changes  by  modifier/additive 
cations  results  in  variation  of  glass  properties.  Ionic  substitution  is  a 
widely  used  method  for  tailoring  the  properties  of  ionic  oxide 
glasses.  It  is  thus  of  fundamental  interest  to  understand  the 
microstructural  changes  induced  by  such  ionic  substitutions. 
Although  the  variety  of  techniques  hitherto  used  has  allowed 
elucidating  the  residual  medium-range  structural  order  of  non¬ 
crystalline  materials,  there  is  still  a  lack  of  techniques  that  are 
especially  sensitive  to  the  nano-sized  open  volume  of  materials. 
Positron  annihilation  is  a  sensitive  technique  used  to  investigate 
the  size  and  distribution  of  sub-nanometre  voids  of  atomic  and 
quasi  atomic  sizes  in  polymers  [17—19]  and  metals  [20—22].  As 
regards  its  application  in  glasses,  to  the  best  of  our  knowledge,  PALS 
is  limited  to  the  micro-structural  investigation  in  topologically 
disordered  chalcogenide  glasses  [23,24]  and  free  volume  anomalies 
in  mixed  cation  glasses  [25,26],  There  are  also  few  reports  corre¬ 
lating  electrical  properties  of  glasses  with  the  free  volume  of  the 
glass  structure  [27,28].  However,  this  technique  is  equally  suitable 
for  different  solid-state  substances  despite  their  structural 
hierarchy. 

Basically,  the  glass  properties  are  related  to  inter-atomic  forces 
as  well  as  the  local  structure.  Therefore,  the  addition  of  modifier 
and  additive  oxides  can  introduce  change  in  the  local  structure  as 
well  as  energy  distribution  resulting  change  in  properties  of  SOFC 
glass  sealant.  Common  network  modifiers  used  for  SOFC  glass 
sealants  are  alkaline  earth  oxides  such  as  BaO,  SrO,  CaO  and  MgO 
[29]  as  they  modify  glass  properties  such  as  glass  transition  tem¬ 
perature  (Tg),  glass  softening  temperature  (Ts)  and  coefficient  of 
thermal  expansion  (CTE).  As  nucleating  agents,  the  effect  of  rare 
earth  metal  oxides  on  Tg  and  Ts  is  similar  to  that  of  glass  network 
modifiers.  La203  is  the  most  frequently  used  nucleating  agent. 
Addition  of  La203  in  the  glass  composition  modifies  the  viscosity  of 
the  glass  sealant  in  SOFC  operational  condition  29], 

In  the  present  work,  a  series  of  modified  borosilicate  glasses 
with  mixed  cations  (Sr+2  and  La+3)  in  the  composition  designed  for 
SOFC  sealant  application,  are  investigated  to  quantify  the  free  vol¬ 
ume  through  PALS.  The  molar  volume  and  packing  fraction  of  glass 
network  have  been  calculated  using  standard  equations.  The  ther¬ 
mal  properties  of  these  glasses  such  as  Tg,  Ts,  thermal  stability 
(Tp-Tg),  Tp  being  the  first  crystallization  temperature  and  CTE  are 
determined  by  differential  scanning  calorimetry  (DSC)  and  dila- 
tometry.  Electrical  conductivity  of  the  glasses  is  also  measured  at 
650  °C  and  all  these  properties  are  correlated  with  the  glass 
structure  and  the  free  volume  parameters  obtained  from  PALS. 


2.  Experimental 

A  series  of  glasses  with  nomenclature  Sr45_xLxAioB40S5  (x  =  5, 10 
...  40),  where  Sr  stands  for  SrO,  L  for  La203,  A  for  AI2O3,  B  for  B2O3 
and  S  for  Si02  and  the  subscript  representing  the  wt.%  of  individual 
oxide  component,  were  prepared  using  analytical  grade  reagents 
SrC03,  La203,  AI2O3,  H3BO3  and  Si02,  procured  from  Indian  sources. 
The  homogenized  mixture  of  a  batch  composition  was  melted  at 
1500  °C  using  platinum  crucible  in  an  electric  furnace  and  the  melt 
was  poured  into  a  brass  mould  to  form  the  glass.  After  sufficient 
rigidification  on  brass  mould,  the  glass  melt  was  transferred  to  an 
annealing  furnace  to  eliminate  the  residual  stress  created  due  to 
rapid  cooling.  Annealing  temperatures  of  glasses  were  decided 
close  to  their  respective  Tg.  Heating  schedule  for  annealing  was 
fixed  at  a  heating  rate  of  5  °C  min-1  upto  annealing  temperature, 
holding  for  1  h  at  annealing  temperature  and  cooling  to  room 
temperature  at  a  rate  of  1  °C  min-1. 

Phases  formed  after  melt  quenching  and  annealing  of  batches 
were  evaluated  by  X-ray  Diffraction  (XRD)  using  XPert  MPD,  PAn- 
alytical  instrument,  Netherlands.  The  CuK,  radiation  (A  =  1.5418  A) 
from  a  copper  target  coupled  with  Ni  filter,  was  deployed  for 
recording  the  diffraction  pattern  of  powder  samples  at  room  tem¬ 
perature  between  20  and  80°  (26)  with  0.005°  step  size. 

Density  of  the  glass  samples  was  measured  at  room  temperature 
by  Archimedes  principle  in  accordance  to  ASTM  C729  with  water 
assuming  its  density  to  1.0  g/cc.  The  densities  of  glasses  (dgiass)  were 
calculated  using  the  following  equation: 

“gjass  —  mw  _  M\  (Z1) 

where,  Mw  is  the  weight  of  a  glass  in  air  and  M\  is  the  suspended 
weight  of  the  glass  immersed  in  water.  A  microbalance,  SHIMADZU 
Japan  make,  was  used  for  this  purpose. 

The  measured  glass  densities  were  used  to  calculate  the  molar 
volume  (Vm)  and  packing  fraction  (C)  of  the  glasses.  These  param¬ 
eters  were  calculated  to  obtain  structural  information  of  the  stud¬ 
ied  glasses  as  a  function  of  the  composition  variation.  Vm  was 
calculated  by  using  the  expression: 


1/  _ 

Vm  — - 

P 


(2.2) 


where  x;  and  Mi  are  the  atomic  fractions  and  the  atomic  weights  of 
Sr,  La,  Al,  B,  Si  and  O  respectively  and  p  is  the  measured  glass 
density.  The  packing  fraction,  C,  was  calculated  according  to  the 
following  expressions  [30]: 


C  = 


Vi, 


ion  total 
Vm 


(2.3) 


Von  total  =  E  (W)  (2.4) 

V  =  ^  nri  (2-5) 

where  Nv  is  the  Avogadro's  number,  q  is  the  ionic  radius  (A)  of  a 
cation  or  an  anion  having  a  given  coordination  number  in  the  glass 
and /is  a  conversion  factor  from  A3  to  cm3.  The  ionic  radii  used  for 
the  calculations  were  chosen  from  those  reported  by  Shannon  [31  ], 
taking  into  account  the  probable  coordination  of  each  ion  in  the 
glass  network,  which  was  determined  from  related  literature 
[29,32],  In  this  way,  a  coordination  number  4  was  assumed  for  Si+4, 
B+3  and  Al+3,  while  coordination  number  of  6  was  assumed  for  Sr+2 
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and  La+3  and  a  coordination  number  of  6  was  assumed  for  02- 
anion  in  the  glass  network. 

The  PALS  measurements  were  performed  at  room  temperature 
using  plastic  scintillation  detectors  coupled  in  fast— fast  coinci¬ 
dence  mode.  The  time  dispersion  used  for  acquisition  of  PALS 
spectra  was  12.5  ps  and  the  time  resolution  of  the  spectrometer 
was  270  ps  (full  width  at  half  maximum,  measured  using  60Co). 
Each  specimen  consisted  of  a  system  of  circular  discs,  of  total  size 
10  mm  diameter  and  1.2  mm  thickness.  A  22Na  isotope  positron 
source  of  2.64  MBq  activity  sealed  in  two  kapton  foils  (7  pm  thick) 
was  sandwiched  between  two  identical  sample  discs.  More  than 
1  x  106  counts  were  acquired  in  each  PALS  spectrum.  In  order  to 
estimate  the  positron  annihilation  fraction  in  kapton  films  as  well 
as  in  source  material,  a  reference  spectrum  of  Si  single  crystal  was 
also  acquired. 

The  Tg  and  Tp  of  glass  samples  were  determined  using  Setsys  16, 
SETARAM,  France.  Differential  scanning  calorimetry  (DSC)  traces 
were  recorded  at  the  heating  rate  5  °C  min-1  in  the  temperature 
range  25—1200  °C.  Thermal  stability  of  glasses  was  calculated  as  the 
temperature  lag  between  glass  transition  and  first  crystallization 
temperature,  i.e.  (Tp-Tg). 

Thermal  expansion  of  glass  samples  was  measured  using  a 
vertical  pushrod  type  dilatometer  of  UNITHERM™  MODEL  1161 
Dilatometer  System,  Anter  Corporation,  USA.  All  measurements 
were  carried  out  in  atmospheric  air.  Thermal  expansion  of  glass  was 
measured  in  temperature  range  30—800  °C  and  at  a  heating  rate  of 
3  °C  min-1.  Samples  used  for  these  measurements  were  rod  shaped 
with  a  length  of  =  2.5  cm  and  diameter  =  0.5  cm.  Linear  coefficient 
of  thermal  expansion  (CTE)  a  was  calculated  using  the  following 
equation: 

_  J-i  -Lq  _  A L  fnr^ 

“  L0(T,  -  T0)  L0AT  (  '  ] 

where,  Lg  and  L ^  are  the  lengths  of  the  glass  specimen  at  start 
temperature  To  under  consideration  and  the  end  test  temperature 
Ti  respectively.  Softening  temperature  (Ts)  of  the  glasses  was 
determined  as  point  of  maximum  expansion  from  their  respective 
expansion  plots  recorded  through  dilatometer,  following  which 
contraction  due  to  deformation  sets  in. 

Electrical  conductivity  of  the  glass  samples  was  measured  at 
650  °C,  using  two  probe  techniques.  A  glass  pellet  was  sandwiched 
between  two  platinum  leads,  and  mounted  in  a  high  temperature 
furnace.  Voltage  was  applied  across  the  sample  at  the  desired 
temperature  and  from  the  measured  current  flow,  resistance  was 
calculated.  Conductivity  of  the  sample  was  calculated  from  the 
resistance  value  considering  the  structure  factor.  Impedance 
Spectroscopy  of  AUTOLAB,  ECO  CHEM1E,  The  Netherlands  was  used 
for  above  measurement. 

3.  Results  and  discussion 

3.3.  Density,  molar  volume  and  packing  fraction 

The  different  batch  compositions  used  to  prepare  glasses  and 
the  code  for  each  such  composition  is  enlisted  in  Table  1. 

The  batch  compositions  were  designed  with  weight  percent 
(wt.%)  of  components  for  ease  of  calculation.  The  batch  composi¬ 
tion  was  ascribed  with  a  glass  code  comprising  alphabets  repre¬ 
senting  the  components  and  subscript  depicting  wt.%  of  the 
component  in  the  composition.  For  composition  property  corre¬ 
lation,  mole%  of  component  was  calculated  using  the  wt.%  and 
standard  molecular  weight  of  the  component  oxide.  Each  batch 
was  passed  through  the  melt  quenching  process  as  mentioned  in 
the  experimental  section  and  after  annealing  the  sample  was 


Table  1 

Batches  for  glass  making  with  code  and  composition. 


Glass  code 

Composition  (wt.%) 

SrO 

L32O3 

AI2O3 

B203 

Si02 

Sr^LsAioB^Ss 

40 

5 

10 

40 

5 

Sr35LioAioB4oS5 

35 

10 

10 

40 

5 

Sr3oLi5AioB4oS5 

30 

15 

10 

40 

5 

Sr25l-2oAioB4oS5 

25 

20 

10 

40 

5 

Sr2oL25AioB4oS5 

20 

25 

10 

40 

5 

Sri5L3oAioB4oS5 

15 

30 

10 

40 

5 

Sr1oL35A1oB4oS5 

10 

35 

10 

40 

5 

StsWoAic^oSs 

5 

40 

10 

40 

5 

characterized  through  XRD  for  phase  analysis.  Fig.  1  shows  a 
representative  XRD  plot  of  a  sample. 

The  plot  in  Fig.  1  indicates  the  amorphous  phase  formed  during 
the  melt  quench  process  with  no  residual  crystalline  phase  either 
from  the  precursor  oxides  or  any  newly  formed  crystalline  phase 
during  the  process.  Any  such  crystalline  phase  may  affect  the 
thermal  stability  of  the  glass  and  hence  its  thermal  properties.  The 
XRD  patterns  of  all  investigated  compositions  after  melt  quenching 
and  annealing  were  similar  to  the  presented  diffractogram. 

Densities  of  glasses  were  measured  using  the  Archimedes 
principle  as  described  in  the  experimental  section  and  the  molar 
volume  of  each  such  glass  sample  was  calculated  using  Eq.  (2.2). 
Fig.  2  shows  the  variation  of  glass  density  with  La+3/Sr+2  ratios  in 
the  glass  composition.  The  glass  density  is  found  to  increase  with 
increase  in  La+3/Sr+2  ratios.  This  may  be  due  to  higher  atomic 
weight  of  La  compared  to  Sr;  substituting  SrO  by  La2C>3  in  the  glass 
composition  causes  an  effective  increase  in  mass  despite  a  change 
in  volume  with  a  net  result  of  increase  in  density  of  the  matrix. 

The  molar  volume  (Vm)  of  the  glasses  is  a  calculated  entity  from 
the  measured  density  and  molar  mass  of  the  sample  as  mentioned 
in  the  experimental  section.  Molar  volumes  of  glasses  were  calcu¬ 
lated  and  plotted  against  La+3/Sr+2  ratios  in  the  glass  composition 
as  shown  in  Fig.  3. 

From  Fig.  3,  it  is  observed  that  incorporation  of  La2C>3  system¬ 
atically  increases  the  molar  volume,  with  no  obvious  breaks  which 
might  indicate  a  significant  change  in  the  structure/composition 
behaviour  of  the  glasses.  This  may  be  due  to  the  higher  molar 
volume  of  La2C>3  i.e.  50.05  cc/mol  compared  to  22.05  cc/mol  of  SrO 
[32].  Usually,  the  density  of  glasses  changes  inversely  with  molar 
volume.  However,  in  the  present  case,  both  the  density  and  molar 
volume  increase  with  La3+  substitution.  In  order  to  obtain  further 
structural  information  with  progressive  substitution  of  SrO  by 
La203,  the  packing  fraction  of  the  glasses  was  calculated  using  Eqs. 
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Fig.  2.  Variation  of  glass  density  with  La+3/Sr+2  ratios  in  the  glass  composition. 


Fig.  4.  Packing  fraction  of  glasses  vs.  La+3/Sr+2  ratios  in  the  composition. 


(2.3)— (2.5).  A  plot  of  packing  fraction  against  La+3/Sr+2  ratios  in  the 
glass  matrix  is  presented  in  Fig.  4. 

The  packing  fraction  of  the  glasses  shows  a  decreasing  trend 
with  increasing  substitution  of  SrO  by  La2C>3;  a  more  pronounced 
decrease  with  initial  substitutions  i.e.  La+3/Sr+2  ratios  below  1, 
followed  by  a  steady  drop.  The  increasing  trend  of  Vm  indicates  that 
an  expansion  of  the  glass  network  occurs  due  to  the  partial  sub¬ 
stitution  of  SrO  by  a  La203.  This  is  confirmed  by  the  behaviour  of  the 
packing  fraction  (C),  which  decreased  with  increasing  La203  sub¬ 
stitution  level.  The  expansion  and  the  concomitant  decrease  in 
compactness  observed  in  the  glasses,  imply  an  increased  distance 
between  the  modifying  cations  upon  La203  substitution.  This  trend 
may  be  attributed  to  the  substitution  of  lanthanum  having  larger 
ionic  radius  as  compared  to  strontium  which  is  being  replaced,  in  6- 
coordination  state  in  the  glass  network  [33],  Angeli  et  al.  [34  have 
recently  shown  from  NMR  studies  that  addition  of  lanthanum  in¬ 
duces  increased  disorder  in  a  borosilicate  glass,  resulting  in  wider 
distance  and  bond  angle  distributions. 


Fig.  3.  Plot  of  molar  volume  against  La+3/Sr+2  ratios  in  the  glass  composition. 


3.2.  Free  volume  analysis  from  PALS 


The  positron  lifetime  spectra  were  analyzed  using  the  PATFIT 
computing  program  with  a  three-component  model  [35].  A  pre¬ 
liminary  analysis  of  PALS  data  after  correction  for  positron  anni¬ 
hilation  in  the  source  and  subtracting  the  background  showed  the 
presence  of  three  lifetime  components.  The  first  component  was 
observed  to  vary  in  the  range  of  120—160  ps  for  different  samples. 
In  glassy  materials,  the  short-lived  component  is  usually  ascribed  to 
para-positronium  (p-Ps)  annihilation  and  its  lifetime  being  very 
short  (125  ps  in  vacuum)  is  not  really  affected  by  the  material 
characteristics.  Therefore,  in  order  to  reduce  the  number  of  fitting 
parameters,  the  shortest  lifetime  ti  was  fixed  at  125  ps  for  fitting  of 
spectra  [36,37], 

The  intermediate  lifetime  (7-2  ~  0.3  ns)  is  due  to  annihilation  of 
free  positrons  with  electrons  at  vacant  sites  in  oxide  materials  [37] 
and  hence  is  of  not  much  informative  for  the  above  investigated 
system.  The  longest  component  (T3)  varies  in  the  range  of 
-700—800  ps  and  is  ascribed  to  the  ortho-positronium  (o-Ps)  pick- 
off  annihilation  in  these  materials.  When,  o-Ps  are  confined  to 
cavities  their  average  lifetimes  depend  on  the  cavity  sizes.  The 
lifetime  of  o-Ps  in  vacuum  is  142  ns  [25],  However,  in  condensed 
matter,  lifetime  is  shortened  to  a  few  ns  since  the  annihilation  rate 
depends  on  the  probability  of  the  overlap  of  the  o-Ps  wave_function 
with  the  wave_functions  of  the  surrounding  electrons  which  is 
dependent  on  the  cavity  size.  The  intensity  of  the  o-Ps  component 
{I3)  is  related  to  the  o-Ps  formation  probability  and  indicates  the 
concentration  of  cavities  accessible  to  o-Ps. 

If  R  is  the  radius  of  the  cavity  (assuming  a  sphere)  from  which 
the  o-Ps  is  annihilating,  the  o-Ps  pick-off  lifetime  is  related  to  the 
radius  of  the  cavity  as  per  Tao-Eldrup  model  [38,39], 


T°-Ps  -  2 


,  R  \  .  f  2txR 
R  +  ^  +  2^Sm\R+-\R 


(3.1) 


where,  r0_Ps  is  the  o-Ps  pickoff  lifetime,  'A  pre-factor  is  the  inverse  of 
the  spin  averaged  Ps  annihilation  lifetime  and  AR  is  the  empirical 
electron  layer  thickness  which  is  calibrated  to  be  0.168  nm  for  SiC>2 
based  systems  as  1.68  A.  :40[.  Accordingly  the  volume  of  the  void 
may  be  calculated  from  R. 

The  objective  of  the  present  work  is  to  explore  the  correlation 
between  free  volumes  and  properties  of  the  SOFC  sealant 
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materials.  We  attribute  the  longest  component  t 3  in  the  PALS  to  the 
pick-off  annihilation  of  o-Ps  trapped  in  small  intrinsic  voids  (free 
volume)  present  in  glass  network.  Hence,  we  focus  on  the  variation 
in  T3  and  I3  of  the  glasses  with  increasing  substitution  of  SrO  by 
La203.  Variation  of  7-3  and  I3  with  La+3/Sr+2  ratios  in  the  glass 
compositions  is  presented  in  Fig.  5.  It  is  noteworthy  from  Fig.  5, 
that  the  value  of  T3  varies  from  702.0  ps  (5%  La2C>3)  to  839.9  ps  (40% 
La203)  and  in  such  a  narrow  range  T3  can  be  considered  as  linearly 
proportional  to  void  radius  according  to  Tao-Eldrup  model.  The 
pick-off  intensity  is  considered  related  to  density  of  these  voids 
present  in  the  glass  network  [37],  The  results  from  lowest  and 
highest  concentration  La2C>3  samples  also  imply  that  La203  sub¬ 
stitution  leads  to  expansion  of  the  glass  network  with  increased 
number  of  voids  having  relatively  bigger  size  (13  and  I3  increases  by 
137.9  ps  and  4.42%  from  5%  to  20  %  La2C>3,  respectively).  It  must  be 
noted  that  the  variation  in  T3  and  I3  with  progressive  La2C>3  sub¬ 
stitution  is  not  systematic  in  a  sense  that  73  and  I3  do  not  increase 
continuously  with  incorporation  of  La2C>3  in  the  matrix.  There  are 
some  decreases  in  73  and  I3  values  at  certain  intermediate  com¬ 
positions.  The  most  probable  explanation  lies  in  the  mechanism  of 
creation  of  new  voids  in  the  network  as  a  result  of  substitution  of 
Sr2+  by  La3+.  A  mechanism  wherein  a  fraction  of  new  voids  would 
be  formed  as  result  of  combining  of  previously  existing  small  size 


voids  into  large  size  void  can  account  for  the  observed  irregular¬ 
ities  in  variation  of  o-Ps  pick-off  annihilation  parameters.  At  this 
moment  we  are  not  able  to  provide  evidence  for  this  mechanism 
solely  on  the  basis  of  present  data  and  further  investigations  are 
required. 

In  such  a  scenario,  instead  of  looking  at  variation  of  r3  and  I3 
separately,  a  more  illuminating  approach  was  found  to  use  the 
parameter  T3/3.  In  the  observed  range  of  73,  taking  73  proportional 
to  the  void  radius,  the  parameter  73/3  can  be  taken  as  linearly 
proportional  to  fractional  free  volume  present  in  the  glass  samples. 
The  plot  of  T3/3  vs.  La+3/Sr+2  ratios  (Fig.  6),  reveals  a  systematic 
increase  in  free  volume  with  increasing  La2C>3  substitution,  which 
exactly  replicates  the  molar  volume  trend  with  compositional 
changes  plotted  in  the  same  figure.  Thus  we  are  able  to  establish  a 
direct  correspondence  between  the  Vm  determined  from  the 
macroscopic  density  values  and  the  fractional  free  volume  evalu¬ 
ated  from  the  sub-nanometre  size  voids.  Furthermore,  the  molec¬ 
ular  origin  of  the  expansion  of  the  glass  network  with  La203 
substitution  leading  to  increased  Vm  and  decreased  C  is  also 
accounted  for  from  the  free  volume  trend. 
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3.3.  Thermal  and  electrical  properties  of  glasses 

Thermal  analysis  of  glass  samples  was  carried  out  using  DSC  and 
dilatometric  techniques  to  determine  their  characteristic  temper¬ 
atures.  Fig.  7  shows  a  representative  thermogram  of  Sr3oLi5AioB4oS5 
glass  with  glass  transition  temperature  (Tg),  and  crystallization 
temperatures  (Tpi  and  TP2)  marked  in  the  graph.  Thermal  stability 
of  glass  samples  was  calculated  from  glass  transition  temperature 
(Tg)  and  1st  crystallization  temperature  (Tpi)  by  Tpi-Tg. 

The  relative  expansion  of  glasses  at  higher  temperatures  was 
recorded  through  dilatometry  and  a  representative  graph  is  shown 
in  Fig.  8.  The  dilatometric  glass  transition  (Tg)  and  softening  tem¬ 
perature  (Ts)  of  glasses  were  noted  from  the  plot  as  marked  in  the 
figure.  The  CTE  of  glasses  was  calculated  from  the  expansion  data 
using  the  Eq.  (2.6).  Since  the  glass  transition  temperature  recorded 
through  dilatometer  is  for  a  bulk  sample,  so  for  all  composition 
property  correlations  glass  transition  temperature  (Tg)  measured 
from  DSC  is  presented  in  subsequent  sections. 

The  glass  transition  temperature  (Tg)  is  the  onset  point  in  the 
heating  cycle  when  a  supercooled  liquid  converts  to  a  viscoelastic 
solid,  where  as  the  glass  softening  point  (Ts)  is  the  temperature  at 
which  the  viscous  flow  changes  to  plastic  flow  that  means  the 
temperature  at  which  the  glass  may  slump  under  its  own  weight.  At 
Tg  and  Ts,  the  viscosity  corresponds  to  -1011'3  and  ~108  Pa  s, 
respectively  [32],  For  a  glass  both  these  characteristic  temperatures 
show  a  similar  trend,  however,  both  depend  upon  the  glass  struc¬ 
ture  and  hence  on  the  glass  composition.  Therefore,  to  understand 
the  effect  of  substitution  of  SrO  by  La203  in  the  investigated  series 
of  glasses  both  Tg  and  Ts  of  the  glasses  are  plotted  against  La+3/Sr+2 
ratios  in  the  glass  composition  in  Fig.  9. 

It  can  be  observed  that  both  glass  transition  and  softening 
temperature  values  of  the  glasses  increase  with  increase  in  La+3 
substitutions.  Initially,  we  expected  a  decrease  in  Tg  of  the  glasses 
with  La+3  substitution  based  on  the  observed  increased  free  vol¬ 
ume  as  the  bond  flexibility  increases  with  creation  of  free  volume. 
However,  the  effect  of  glass  modifiers  on  Tg  and  Ts  of  glass  also 
depends  on  their  field  strength.  Field  strength,  F,  of  a  modifier 
cation  represents  its  bonding  ability  with  non  bridging  oxygen  and 
can  be  expressed  through  Eq.  (1.1)  [16],  Addition  of  network 
modifiers  into  borosilicate  glasses  increases  its  Tg  and  Ts  and  the 
extent  of  increase  depends  on  the  cations  field  strength  [16,41  .  In 


350 


La+3/Sr+2  ratio 


Fig.  10.  Thermal  stability  against  La+3/Sr+2  ratios  in  the  glass  composition. 


the  present  investigated  glass  system,  La+3  as  a  modifier  cation  is 
having  higher  field  strength  (0.43),  compared  to  Sr+2  (0.27), 
thereby  it  modifies  the  borosilicate  network  strongly.  Therefore, 
increase  in  La+3/Sr+2  ratios  in  the  glass  composition  results  in  an 
increase  in  Tg  and  Ts.  Similar  observations  have  been  made  by 
Sasmal  et  al.  on  the  effect  of  Lanthanum  substitution  in  borosilicate 
glass  systems  [42],  The  bond  strength  of  La\0  (244  kj  mol-1)  bond 
is  higher  than  that  of  Sr\0  (134  kj  mol-1)  or  Ca\0  (134  kj  mol-1) 
and  field  strength  of  La+3  (0.52)  ion  is  higher  than  thatofSr+2  (0.32) 
or  Ca+2  (0.36)  [43,44],  So  the  addition  of  La203  has  made  the  glasses 
more  rigid  leading  to  increase  in  Tg  and  Ts.  Hence  it  can  be 
concluded  reasonably  that  substitution  of  Sr+2  by  La+3  in  the  glass 
matrix  makes  the  glass  network  an  open  (higher  free  volume)  but 
rigid  (strongly  bonded)  network  evident  by  the  increase  in  free 
volume,  glass  transition  and  softening  temperatures.  To  estimate 
the  effect  of  such  substitution  on  the  thermal  stability  of  glasses, 
thermal  stability  of  glasses  as  calculated  from  DSC  data  are  plotted 
against  La+3/Sr+2  ratios  in  Fig.  10.  Thermal  stability  of  a  glass  is 
defined  as  the  resistance  to  crystallization  under  the  guiding  force 


Fig.  9.  Variation  of  Ts  and  Ts  of  glasses  with  La+3/Sr+2  ratios  in  the  composition. 


Fig.  11.  Coefficient  of  thermal  expansion  (CTE)  of  glasses  against  La+3/Sr+2  ratios. 
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of  thermal  energy.  This  in  general  depends  upon  the  physical 
structure  of  a  glass.  If  the  glass  structure  favours  the  thermody¬ 
namics  of  crystallization,  thermal  stability  of  the  glass  tends  to  be 
low.  In  the  investigated  series  of  glasses,  substitution  of  Sr+2  by 
La+3  in  the  glass  matrix  increases  the  free  volume  of  glasses  which 
would  favour  the  crystallization  thermodynamics  [35,36].  There¬ 
fore  with  increase  in  La+3/Sr+2  ratios  from  0.08  to  5.09  in  the  glass 
composition  the  thermal  stability  decreases  from  303  °C  to  76  °C. 

The  degree  of  expansion  with  respect  to  change  in  temperature 
is  called  the  material's  coefficient  of  thermal  expansion  (CTE)  and 
generally  CTE  of  a  glass  depends  on  the  glass  structure  symmetry, 
bond-bending,  and  molar-free  volume.  Fig.  11  shows  the  variation 
of  CTE  of  glasses  with  La+3/Sr+2  ratios  in  the  glass  composition. 

The  CTE  of  glasses  is  found  to  decrease  almost  exponentially 
with  increase  in  Sr+2  substitutions  by  La+3.  It  is  established  that 
modifiers  in  silicate  glasses  create  non-bridging  oxygen  species 
which  decrease  the  average  symmetry  of  the  Si— O  bonds  and  thus 
increase  the  CTE  [21  ].  On  the  other  hand,  CTE  decreases  if  the  molar 
volume  and  bond-bending  of  a  glass  increase  [21  .  In  alkaline  earth 
oxide  glasses,  CTE  decreases  with  the  field  strength  of  the  modifier 
ion  [22].  In  the  present  case,  La+3  has  a  higher  field  strength 
compared  to  Sr+2  and  on  substitution  of  Sr+2  by  La+3,  the  free 
volume  of  the  glass  increases  as  mentioned  in  previous  sections. 
Therefore,  the  combined  effect  of  higher  free  volume  and  higher 
field  strength  is  presumed  to  be  the  reason  for  decreasing  CTE  of 
the  glasses  with  increase  in  La+3/Sr+2  ratios  in  the  glass 
composition. 

Finally,  we  have  investigated  the  effect  of  ionic  substitution  on 
the  electrical  conductivity  of  the  glasses.  Most  oxide  glasses 
including  silicates  and  borosilicates  are  ionic  conductors  in  which 
the  conductivity  is  due  to  the  mobility  of  oxide  ions,  which  in  turn 
depends  on  the  glass  composition  and  structure.  The  variation  of 
electrical  conductivity  against  La+3/Sr+2  ratios  in  the  glass 
composition  is  presented  in  Fig.  12. 

From  the  figure,  it  is  observed  that  the  conductivity  decreases 
significantly  with  La+3  substitutions.  The  electrical  resistivity  in¬ 
creases  with  valence  of  modifier  ions  because  of  the  resultant  lower 
ionic  mobility  [29,32],  A  similar  phenomena  seems  to  be  operative 
in  the  present  case,  with  increase  in  substitution  of  a  divalent  Sr+2 
modifier  ion  by  a  trivalent  La+3  modifier  ion,  the  conductivity  de¬ 
creases  due  to  lower  ionic  mobility  of  non  bridging  oxide  ions  as 
also  reflected  from  increased  Ts  values  of  the  La+3  substituted 
glasses. 
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Fig.  12.  Electrical  conductivity  as  a  function  of  La+3/Sr+2  ratios  in  glass  composition. 


4.  Conclusion 

The  glass  structure  of  the  presently  investigated  mixed  cation 
borosilicate  glasses,  Sr45_xLxAioB4oS5  (x  =  5, 10  . . .  40),  on  substitu¬ 
tion  of  Sr+2  by  La+3  in  the  glass  matrix,  becomes  an  open  (higher 
free  volume)  but  rigid  (strongly  bonded)  network.  The  network 
opening  was  experimentally  evident  by  the  increase  in  free  volume 
measured  through  ortho-positronium  probe  and  was  supported  by 
the  increase  in  molar  volume  calculated  from  the  measured  density 
of  the  glass  matrix  and  decreased  packing  fraction.  Such  a  modifi¬ 
cation  in  the  physical  structure  of  the  glass  network  results  in  an 
increase  in  glass  transition  and  softening  temperature,  a  decrease 
in  thermal  stability,  coefficient  of  thermal  expansion  and  electrical 
conductivity  of  glasses. 
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Glossary 

SOFC:  solid  oxide  fuel  cell 

PALS:  positron  annihilation  lifetime  spectroscopy 

NBO:  non-bridging  oxygens 

XRD:  X-ray  diffraction 

DSC:  differential  scanning  calorimetry 

CTE:  coefficient  of  thermal  expansion 


